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We report on the discovery and transport study of the superconducting ground state present at the
(1 1 1)LaAlO3/SrTiO3 interface. The superconducting transition is consistent with a Berezinskii-Kosterlitz-
Thouless transition and its 2D nature is further corroborated by the anisotropy of the critical magnetic field,
as calculated by Tinkham. The estimated superconducting layer thickness and coherence length are 10 nm
and 60 nm, respectively. The results of this work provide new insight to clarify the microscopic details of
superconductivity in LAO/STO interfaces, in particular in what concerns the link with orbital symmetry.
Transition metal oxide interfaces host a rich spectrum
of functional properties which are not present in their
parent bulk constituents 1. Following the groundbreak-
ing discovery of a high-mobility two-dimensional electron
system (2DES) at the interface between the two wide
band-gap insulators LaAlO3 (LAO) and SrTiO3 (STO)
2,
a growing body of research efforts have brought to light
many of its interesting properties. The system features
a gate tunable metal-to-insulator transition3,4, strong
Rashba spin-orbit coupling 5 and superconductivity6,
possibly in coexistence with magnetism7,8. To date, the
vast majority of research efforts has been directed to-
wards the investigation of the (0 0 1)-oriented LAO/STO
interface. However, it is well recognized that the di-
rection of confinement plays a pivotal role in determin-
ing hierarchy of orbital symmetries and, consequently,
in properties such as the spatial extension of the 2DES
and the Rashba spin-orbit fields 9. Recent work sug-
gests that (1 1 1)-oriented ABO3 perovskites are poten-
tially suitable for the realization of topologically non-
trivial phases 10, since along this direction a bilayer of
B-site ions forms a honeycomb lattice. The 2DES at
the (1 1 1)LAO/STO interface 11 is an interesting sub-
ject of investigation, combining a polar discontinuity
at the interface with such a hexagonal lattice. Signa-
tures of the 6-fold symmetry related to the (1 1 1)STO
orientation have recently been observed by angle-
resolved photoemission spectroscopy 12,13 (ARPES) and
magnetoresistance14,15 measurements, making the sys-
tem potentially suitable for exotic time-reversal sym-
metry breaking superconductivity16. Moreover, ARPES
measurements at the surface of (1 1 1)STO have con-
firmed a distinct orbital ordering of the t2g manifold
12,
where all the bands are degenerate at the Γ-point. This
implies the absence of a Lifshitz point, considered to be
at the origin of many physical properties at the (0 0 1)-
oriented interface. In particular, the ‘optimal doping’ for
superconductivity was found to occur concomitantly with
the Lifshitz transition 17. Therefore, within this view, it
is timely to investigate whether a 2D superconducting
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FIG. 1. (a) RHEED intensity oscillations of the specular
spot during the epitaxial growth of a 9 u.c. LaAlO3 film on
a (1 1 1)SrTiO3 substrate. Inset: RHEED pattern before and
after growth. (b) AFM topographic image of the surface after
growth. Inset: height profile. (c) Optical image of a Hall bar.
The channel is false-coloured in blue.
ground state arises at the (1 1 1) orientation.
The (1 1 1)LAO/STO interface under investigation was
prepared by pulsed laser deposition. An LAO film with
a thickness of 9 unit cells (u.c.) was epitaxially grown
on a commercially available (1 1 1)STO substrate with
Ti-rich surface. The film was deposited at 840◦C in an
oxygen pressure of 6× 10−5 mbar. The laser pulses were
supplied by a KrF excimer source (λ = 248 nm) with
an energy density of 1 J/cm2 and a frequency of 1 Hz.
The growth process was followed by an annealing step in
order to refill oxygen vacancies. The chamber was filled
with 300 mbar of oxygen and the sample temperature was
kept at 600◦C for 1 hour. The sample was then cooled
down to room temperature at a rate of 10◦ C/min in the
same oxygen atmosphere. The growth process was moni-
tored in-situ using reflection high-energy electron diffrac-
tion (RHEED), which indicates a layer-by-layer growth
mode, as shown in Figure 1a. An atomic force microscope
(AFM) topographic image of the surface after growth is
shown in Figure 1b, where an atomically flat surface with
step-and-terrace structure can be observed. The step
height corresponds to the (1 1 1)STO interplanar distance
(≈ 0.26 A˚). Transport measurements were carried out in
a Hall bar geometry, as shown in Figure 1c. The fabrica-
tion process relied on argon dry etching in order to define
the channel and e-beam evaporation of metal contacts
(for a detailed description, see Supporting Information).
Hall bars were patterned along different in-plane orien-
tations (0◦, 30◦, 60◦, and 90◦) in order to investigate
possible anisotropies in the transport properties.
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FIG. 2. (a) Sheet resistance (R) as a function of tempera-
ture (T ) in the milliKelvin regime with an applied back gate
voltage of 30 V. Inset: R(T ) in the high-temperature range
down to 1.5 K. (b) V (I) characteristics measured at differ-
ent temperatures. (c) Selected curves of panel (b) plotted
in logarithmic scale. The red lines are fits of the data along
the transition. The black line corresponds to V ∝ I3. (d)
Temperature dependence of the power-law exponent a(T ) as
deduced from the fits shown in (c).
The temperature dependence of the sheet resistance
(R) is shown in Figure 2a, evidencing a clear metallic be-
havior and absence of carrier localisation down to 1.5 K.
At this temperature the back gate voltage is swept to
the maximum applied voltage (90 V) and back to 0 V.
At variance with previous reports, we observed no hys-
teretic or anisotropic transport behavior attributed to
the presence of oxygen vacancies 18. All further mea-
surements presented in this work are shown for one Hall
bar recorded at a fixed back gate voltage of 30 V. The
detailed investigation of the evolution of the transport
properties with electrostatic doping shall be discussed
elsewhere.
In the milliKelvin regime, a superconducting transi-
tion with a critical temperature Tc ≈ 117 mK is observed
(Figure 2a). The value of Tc was defined as the temper-
ature at which the resistance is 50% of its normal state
value (Rn, measured at T = 180 mK). The width of
the transition, defined between 20% and 80% of Rn, is
∆Tc = 17 mK.
For a 2D system, it is well established that su-
perconductivity should exhibit a Berezinskii-Kosterlitz-
Thouless (BKT) transition, at a characteristic temper-
ature TBKT. Below this temperature, vortex-antivortex
pairs are formed. As the temperature increases and ap-
proaches TBKT, a thermodynamic instability occurs and
the vortex-antivortex pairs spontaneously unbind into
free vortices. The resulting proliferation of free vortices
destroys superconductivity, yielding a finite-resistance
state. According to the BKT scenario, a strong non-
Ohmic behavior in the V (I) characteristics emerges near
TBKT, following a power law behavior V ∝ Ia(T ) with
a = 3 at TBKT.
In order to investigate the 2D character of supercon-
ductivity in the system, we measured the V (I) character-
istics of a 9 u.c. (1 1 1)LAO/STO interface as a function
of temperature. The characteristics were recorded from
82 mK, where the samples are completely superconduct-
ing, up to the temperature at which the sample fully re-
covers to the normal state. As shown in Figure 2b, there
is a clear superconducting current plateau for the V (I)
curve at 82 mK. As the temperature is increased, the su-
percurrent plateau becomes progressively shorter, until it
vanishes at approximately 127 mK. At this temperature,
the V (I) curve becomes completely linear. Concomi-
tantly with the disappearance of the superconducting
plateau, power-law type V (I) curves emerge, indicating a
BKT transition. In order to confirm this scenario, we plot
the V (I) characteristics on a logarithmic scale, as shown
in Figure 2c. At sufficiently low current, the V (I) char-
acteristics display Ohmic behaviour in the entire tem-
perature range due to well-known finite size effects 19,20.
At higher current values, the V (I) curves show a clear
V ∝ Ia(T ) power-law dependence, as indicated by the red
lines. The black line corresponds to V ∝ I3. The expo-
nents a(T ) are obtained by fitting all the characteristics
and are plotted as a function of temperature in Figure 2d,
revealing that TBKT ≈ 91 mK. At T > TBKT, V ∝ I at
low currents, transitioning to a strongly non-linear be-
haviour at higher currents and showing the characteris-
tic rounding. In contrast, at T < TBKT the power-law
behaviour terminates abruptly with a voltage jump at a
well defined current. It should be noted that the evolu-
tion of a(T ) does not display the characteristic discontin-
uous jump from a(T+BKT) = 1 to a(T
−
BKT) = 3, but rather
transitions smoothly from 1 to 3 over a range of sev-
eral milliKelvin. This behaviour, also observed in (0 0 1)-
and (1 1 0)-oriented interfaces 6,21, stems from inhomo-
geneties in the local superconducting properties of the
system (such as inhomogeneous superfluid density 22 or
structural twin domains of the STO substrate 23) which
smear the universal jump 24.
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FIG. 3. (a) Out-of-plane and (b) in-plane critical magnetic
field as a function of temperature. Dashed line: Pauli-limiting
field.
For a quantitative estimation of both the supercon-
3ducting coherence length (ξ) and the layer thickness d,
we carried out an analysis based on the Landau-Ginzburg
formalism. To this purpose, a quantitative criterion was
chosen in order to determine the out-of-plane (B⊥c ) and
in-plane (B
‖
c ) critical magnetic fields. At each tempera-
ture, V (I) characteristics are recorded for increasing val-
ues of applied magnetic field. As shown in the Supporting
Information, for small applied magnetic fields, the values
of dV/dII=0 nA are zero at low currents, corresponding to
the superconducting state. As the current rises, dV/dI
increases until a saturating value, dV/dII=200 nA, which
corresponds to the normal state resistance. For larger
applied magnetic fields, dV/dII=0 nA is non-zero, and its
value increases with the magnitude of the applied mag-
netic field.
We define the critical magnetic field as the value at
which dV/dII=0 nA reaches 50% of the normal state re-
sistance, i.e., (dV/dI)I=0 nA/(dV/dI)I=200 nA = 0.5.
We track the temperature evolution of the critical mag-
netic field for the out-of-plane and in-plane orientations,
which are shown in Figure 3a and b, respectively. The
black lines represent a fit to the expected dependence for
a 2D superconductor, i.e.,
B⊥c =
Φ0
2piξ2
(1− T/Tc) (1)
and
B‖c =
Φ0
√
12
2piξd
(1− T/Tc)1/2. (2)
From the extrapolation of the critical magnetic fields
at T = 0 K, we extracted the in-plane coherence length
ξ =
√
Φ0
2piB⊥c,0K
≈ 60 nm and the thickness of the super-
conducting layer d = Φ0
√
3
piξB
‖
c,0K
≈ 10 nm. The fact that
the superconducting coherence length is larger than the
estimated thickness is consistent with the 2D character
of superconductivity.
In fact, B
‖
c can seemingly go far beyond the Pauli
paramagnetic limit, which gives a higher bound for the
upper critical magnetic field resulting from field-induced
pair-breaking 25,26. For weak coupling Bardeen-Cooper-
Schrieffer (BCS) superconductors, this value is given by
BPc ≈ 1.76kBTc/
√
2µB, (3)
where kB is the Boltzmann’s constant and µB is the
Bohr magneton.
Violation of the paramagnetic limit has been
observed in (0 0 1)- and (1 1 0)-oriented LAO/STO
interfaces21,27,28, as well as in other STO-based super-
conductors 29. In these systems, the paramagnetic limit
is exceeded by a factor of approximately 3-5. In our
case, we find BPc ≈ 200 mT, which results in a viola-
tion of the Pauli paramagnetic limit by a factor of 10,
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FIG. 4. (a) Angular dependence of the critical magnetic field
Bc, where θ is the angle between the magnetic field and the
surface normal. Green line: fit to the 2D Tinkham formula.
Blue: fit to the 3D anisotropic Ginzburg-Landau model. (b)
Magnified view of the region around θ = 90◦.
since B
‖
c,0K ≈ 2000 mT. As a matter of fact, the viola-
tion is already present at temperatures very close to Tc,
as shown by the dashed line in Figure 3b. The enhance-
ment of B
‖
c well beyond the BCS prediction has been
reported in superconductors which display strong spin-
orbit effects 30–32. These are expected to cause random-
ization of electron spins, and thus result in suppression
of the effect of spin paramagnetism 33. Indeed, we have
confirmed the presence of strong spin-orbit fluctuations
in the system by magnetotransport measurements (see
Supporting Information), suggesting that spin-orbit cou-
pling plays an important role in the violation of the Pauli
paramagnetic limit.
To further investigate the dimensionality of the su-
perconducting layer, we have studied the angular de-
pendence of the critical magnetic field at T = 82 mK.
Figure 4a shows the critical magnetic field as a function
of the angle θ, defined between the magnetic field vec-
tor and the normal to the surface. The data was fitted
with the 2D Tinkham formula (green curve) and the 3D
anisotropic Ginzburg-Landau model (blue curve), given
by
Bθc |cos(θ)|
B⊥c
+
(
Bθc sin(θ)
B
‖
c
)2
= 1 (4)
and
(
Bθc cos(θ)
B⊥c
)2
+
(
Bθc sin(θ)
B
‖
c
)2
= 1, (5)
respectively.
For the overall range, the data seems to be well de-
scribed by both models. However, a closer look at the
region around θ = 90◦ in Figure 4b reveals a clear dif-
ference between the two models: the 3D model yields a
rounded maximum when the magnetic field vector is com-
pletely in plane, while the observed cusp-shaped peak can
only be well captured by the 2D model.
In summary, by means of systematic (mag-
neto)transport measurements we have demonstrated
4that the electrons hosted at the (1 1 1)LAO/STO in-
terface condense into a superconducting ground state
with Tc ≈ 117 mK. The estimated thickness of the 2D
superconducting layer is approximatelly 10 nm, very
similar to the one usually reported for (0 0 1)-oriented
interfaces. The V (I) characteristics are consistent with
a BKT transition, and the two-dimensional character
of the superconducting layer was further corroborated
by the angular dependence of the critical magnetic
field. The Pauli paramagnetic limit is exceeded by a
factor of 10, indicating strong spin-orbit coupling in
the system. In view of the differences between the
symmetries, electronic structure, and orbital ordering
of the confined states at the (0 0 1)- and (1 1 1)-oriented
LAO/STO interfaces, further investigation of the latter
can extend the current understanding of the link between
orbital symmetry and superconductivity at LAO/STO
interfaces.
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